INTRODUCTION
T he oral environment has much in common with the waveswept seashore. Both are naturally saline and endure dramatic variations in fluid flow, temperature, and pH; both are plagued by opportunistic microbes; and both are subject to relentless wear and abuse. The tissues of organisms facing these environments have evolved adaptations at multiple levels of organization to improve their function, but marine organisms have had the advantage of time, since their adaptations go back to long before the emergence of the first toothy vertebrates (Cox, 1969) . Increasingly, structures made by intertidal marine invertebrates are undergoing scrutiny for their potential to inspire new paradigms in dental and biomedical technology (Carrington, 2008) .
The National Institute of Dental and Craniofacial Research (NIDCR) has a tradition of funding interdisciplinary approaches to national health needs. The NIDCR's support of marine bioadhesion, for example, goes back nearly 40 years (e.g., Bowen et al., 1974) . This long-term investment has only recently begun to achieve practical rewards, and several transitioning breakthroughs in "mussel-inspired" adhesive technology have occurred in the past 18 months (Lee et al., 2007a,b; Podsiadlo et al., 2007) . Adhesion, however, is only one of many potentially useful features of mussel byssus. Others include abrasion-resistant coatings, self-healing polymers, giant self-assembling mesogens, and pH-triggered crosslinking (Hassenkam et al., 2004; Harrington and Waite, 2007; Holten-Andersen et al., 2007) .
Our purpose here is to review recent advances in the structure and function of one of the more than 20 known proteins of mussel byssus, namely, Mytilus edulis foot protein-1 (mefp-1). After a general description of the byssus, the review is organized to cover the following topics in order of presentation: (1) the byssal cuticle as the functional location of mefp-1, (2) mechanical and chemical properties of the cuticle, (3) biochemistry of mefp-1 and homologous proteins from other mussel species, (4) surface chemistry of mefp-1, (5) model of mefp-1 assembly in the cuticle, and (6) concluding remarks. For the sake of clarity and brevity, mussel-adhesive proteins are generically referred to as 'mfps' or mussel foot proteins, or, more specifically, as 'gsfps', where the gs refers to the particular mussel genus and species, followed by a number (from 1 to 6) that reflects the order of discovery.
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only protein discussed in any detail. With the introduction of soft ionization mass spectrometry and more aggressive extraction methods, however, additional Dopa-rich proteins have emerged. Two of these, mfp-3 and mfp-5, have Dopa contents in excess of 20 mol% and are localized exclusively to the adhesive plaques near the interface with the substratum (Papov et al., 1995; Waite and Qin, 2001; . It is now quite evident that mefp-1 and related homologues in other mussel species have little to do with the adhesion of byssal plaques to substrata, but instead serve an important coating function. The aim of this review is to do justice to the actual function of mefp-1 and how that function relates to its structure and the development of novel coating technologies.
SOURCE OF INSPIRATION

Mussel Byssus
Mussel byssus has distinctive features that reflect its function as a holdfast (Fig. 1 ). Like spider silk, byssus is a biomacromolecular structure that is rapidly made to order as needed by the organism and consists of 3 distinct parts: stem, threads, and adhesive plaques. Emerging from living tissue at the base of the mussel foot is the byssal stem; from this emanate hundreds of byssal threads, each of which ends in a flattened plaque specialized for adhesion. Byssal threads are made from an assortment of extracellular matrix proteins and assembled outside the confines of living tissue (Waite, 2002; Waite et al., 2004) . Given the number of reviews on byssus (Carrington, 2002; Waite et al., 2005; Wiegemann, 2005; Silverman and Roberto, 2007) , it will suffice here to say that the major structural protein of the threads is an exotic collagenous block co-polymer having a central collagen core that is flanked with either silk or elastin-like domains. Because of the manner in which the silk-and elastin-collagen copolymers are distributed in each byssal thread, the exposed distal end is typically about 10 times stiffer than the proximal end . Both distal and proximal portions are surprisingly extensible (> 75%); however, most of the strain occurs after a recoverable yield point and contributes significantly to high hysteresis and toughness of byssal threads (Gosline et al., 2002; Carrington and Gosline, 2004) .
Byssal Cuticle
The outer surface of byssal threads is coated by a thin (5 mm) but distinctive cuticle in Mytilus (Vitellaro-Zuccarello, 1981) -the distinctive feature being the presence of densely packed mottled granules in Mytilus edulis and M. galloprovincialis byssal cuticles. Viewed by scanning electron microscopy (SEM), the cuticle on M. galloprovincialis mussel threads resembles sandpaper ( Fig. 2a ). In thin sections for transmission electron microscopy (TEM), the mottled granules, which are embedded in a continuous homogeneous matrix, reveal a distinct biphasic structure ( Fig. 2b ), a feature that is greatly enhanced when viewed by atomic force microscopy (AFM) (Fig. 2c ). The granules are ~0.8 µm in diameter and constitute about 50% of the cuticle volume. The phase-separated morphology within each granule has a domain size of 20-40 nm. The cell and molecular processes mediating formation of this unusual microstructure remain unknown, but some cautious conjecture is offered later in this review.
Mechanical Properties
The hardness (H) and stiffness (E i ) of the hydrated cuticle coating M. galloprovincialis threads have been measured by nanoindentation . These parameters are of particular interest, because H 3/2 /E is empirically proportional to wear resistance in ceramics (Bhushan, 1999) . Consistent with its function to protect the collagens in the core, cuticle H and E i are comparable with those of engineering epoxies (Unnikrishnan and Thachi, 2006) ( Table 1 ). Note that H and E i of the cuticle are 4-5 times higher than those of the core collagens. Despite its high stiffness, the cuticle remains extensible, with a tensile failure strain as high as 70% . Large-scale catastrophic failures (such as in Fig. 2a ) are prevented from propagating through the cuticle at strains less than 70% by controlled microtearing localized to the interface between the granules and the matrix and within the matrix itself. In other words, single detrimental macroscopic failures of the cuticle have been replaced by multiple non-detrimental micro-tears. The granular composite coating thereby "absorbs" strain-induced damage by redistributing it to a large volume, thereby enabling coat strains up to 70% before rupture (Holten-Andersen et al., 2007). Micro- tears are presumed to be reversible, since threads can be repeatedly extended with no apparent structural changes.
The significance of the micro-granular structure in strain tolerance is c o r r o b o r a t e d b y t h e results of two comparative investigations. The cuticle on P. canaliculus threads is homogeneous instead of granular; despite having H and E i similar to those of the M. galloprovincialis cuticle, it shattered at strains of 30% or lower . Moreover, the cuticle of M. californianus, with granule diameters at only 200 nm (25% of those in M. galloprovincialis), e x h i b i t s c a t a s t r o p h i c cracking only at strains greater than 120% (Holten-Andersen and Waite, unpublished observations).
Cuticle Composition
Only one protein, mfp-1, is known to be present in the byssal cuticle. This protein is derived from the accessory gland of the mussel foot. In situ hybridization of mussel foot sections with gene-specific primers based on mfp-1 and PCR has localized the expression of mfp-1 to the accessory gland, which lines both sides of the ventral groove from the base of the foot to within a few millimeters of the foot tip (Miki et al., 1996) . Furthermore, with both Dopa and dihydroxyproline as specific markers for mfp-1, mfp-1 has been demonstrated to be distributed over the entire length of the accessory gland and byssal thread in M. galloprovincialis . The distinctive mottled granular structure of the cuticle is also evident in the accessory gland where the granules are produced and stockpiled prior to secretion (Vitellaro-Zuccarello, 1981) . Perhaps related to the physical and chemical inertness of the mature cuticle, immunohistochemical localization of mfp-1 in the cuticle has been less than satisfactory in quality (Benedict and Waite, 1986) . Apparently, epitopes in mfp-1 are lost during its rapid chemical maturation. Indeed, mfp-1 in D. polymorpha (Dpfp-1) ceased to cross-react with specific polyclonal antibodies within 20 min of secretion from the foot (Anderson and Waite, 2000) .
Besides protein, significant amounts of fatty acids (8% w/w) have been detected in byssal threads of M. edulis (Cook, 1970) and M. galloprovincialis (Holten-Andersen et al., unpublished observations) . Other known constituents are metal ions such as Fe, Al, Si, and Ca. Recent energy-dispersive x-ray spectroscopic analyses of threads detected elevated metal levels in the byssal cuticle , and in a previous study with metal-binding stains, Fe was found to be localized to the cuticle (Coulon et al., 1987) . In the case of Fe, it is clear from in vitro experiments that mefp-1 binds tightly to Fe III , but the extent to which metal in byssus reflects specific placement or adventitious deposition related to environmental pollution remains to be resolved. Titanium oxide from effluents, for example, found its way into the cuticle of M. galloprovincialis byssus (Coulon et al., 1987) , but has never been detected in byssal threads from pristine waters. Even in this, questions regarding the manner of deposition remain: Is the metal actively incorporated by the mussel or adsorbed by passive exchange between seawater and byssus? The metal composition of byssus appears to be highly variable and often reflects the chemistry of the water column and/or sediment. When Fe III was added to seawater as FeCl 3 , its passive uptake by byssal threads was not measurable . However, when live mussels were introduced to FeCl 3 -enhanced seawater, the new threads they produced had a cuticle enriched in iron . Wilker's group (Sever et al., 2004) has detected Fe III in byssal threads by electron paramagnetic resonance spectroscopy and proposed a time-dependent redox exchange. The functional significance of iron binding is still in question, since many byssal threads of mussels collected from the field are devoid of iron, but seem mechanically robust in tension (Sun and Waite, unpublished observations) . In particular, the effects of metals on the mechanical properties of byssal cuticle need to be investigated.
Mfp-1 Biochemistry
Primary Structure As the primary cuticular protein and first byssal protein to be isolated from M. edulis, mefp-1 has undergone much scrutiny (Waite and Tanzer, 1981) . Its characterization has presented many challenges to protein purification, including oxidative instability, incompatibility with sodium dodecylsulfate, irreversible binding to most chromatographic media at neutral pH, aggregation tendencies, unstable epitopes, and many exotic post-translational modifications (Waite, 1983; Waite et al., 1985) . Effective purification strategies now exist for mefp-1 and are directly applicable to mfp-1s from most other species (Waite, 1995) .
Mefp-1 has a pI of 10.3 (Waite, 1983 ) and a mass of about 110 kDa, as determined by both MALDI TOF mass spectrometry (Taylor et al., 1996) and sedimentation equilibrium (Deacon et al., 1998) . Despite many attempts, it has not been possible to crystallize mefp-1; however, useful insights about the shape of mefp-1 in solution have emerged from analysis by sedimentation velocity centrifugation. The frictional coefficient ƒ, a shape factor, can be estimated from the sedimentation coefficient s, since s = M(1-vr)/[Nƒ], where M is mass, v is partial specific volume, r is density of medium, and N is Avogadro's number. By solving for ƒ and dividing by the calculated ƒ o for a perfect sphere (from Stokes' equation ƒ = 6phR, where h is medium viscosity and R is radius of a dry sphere having the same M as in the equation for s), one can estimate how much the protein deviates from a spherical shape, e.g., ƒ/ƒ o approaches a minimum of 1 for a sphere. Assuming that mefp-1 shares the hydration of 0.35 g H 2 O/g protein typical for globular proteins, the frictional ratio ƒ/ ƒ o of 3.2 would predict an aspect ratio a/b of 45 for a prolate ellipsoid (Deacon et al., 1998) . This shape, however, is not consistent with the 10-nm hydrodynamic radius measured by dynamic light-scattering (Haemers et al., 2005) , because 0.22 nm is not a meaningful b dimension for the protein. Instead, the 10-nm radius is more suggestive of a flexible coil. If we allow mefp-1 to be represented by a flexible coil where a/b = 1, then a much higher hydration of 25 g H 2 O/g protein is calculated from ƒ/ƒ o = 3.2, according to Perrin's equation (Deacon et al., 1998) . Such high hydration would not be inconsistent with the composition of mefp-1 in which nearly every amino acid is either naturally polar (Lys, Ser, Thr, Tyr) or rendered polar by post-translational modification (Hyp, Dopa), as amplified below.
The amino acid composition of mefp-1 contains, on average, 10 mol% of each of the following amino acids: Ala, Pro, Ser, Thr, Tyr, trans-4 hydroxyproline (Hyp), trans 2, 3-cis 3, 4-dihydroxyproline (diHyp), and Dopa. The most abundant residue, Lys, occurs at 20 mol%. Upon trypsin digestion, purified mefp-1 readily degrades like a string of beads into a closely related family of decapeptides. The consensus decapeptide sequence is AKPSYP**P*TY*K, where P* denotes trans-4-hydroxyproline, P** 2, 3-trans-3, 4-cisdihydroxyproline, and Y* 3, 4-dihydroxyphenylalanine Taylor et al., 1994a) (Fig. 3) .
Two complete mefp-1 variant sequences have been deduced from cDNA and consist of short non-repetitive amino termini 70-90 amino acids long, followed by a decapeptide sequence repeated many times in tandem (Fig. 3) . The consensus decapeptide, AKPSYPPTYK, occurs about 71 times, interrupted 13 times by the hexapeptide AKPTYK (Filpula et al., 1990; Laursen, 1992) .
Mfp-1s from nearly 20 other mussel species have been isolated and partially characterized (e.g., Rzepecki et al., 1991) . Like mefp-1, they are classified by adding the first letter of the genus and species to fp-1. Only half a dozen sequences are known from both Edman-and cDNA-deduced sequences ( Table  2 ). All but one of these (Perna viridis) contain significant Dopa, and all are dominated by Lys and Pro (though not always Hyp). In Perna viridis, Dopa is replaced by a modification of Trp (Zhao and Waite, unpublished observations) . Only slight variations occur in the consensus sequences of mfp-1 from other Mytilus species-M. californianus and M. galloprovincialis-but the post-translational modifications are identical. Interestingly, only the sequences from Mytilus species appear to be associated with granular cuticles.
Higher-order Structure
Circular dichroism (CD) is probably the single most powerful tool for studying solution protein secondary structure. CD of mefp-1 under native and denaturing conditions exhibits a molar ellipticity that is consistent with ~70% random coil ([u] minimum at 190 nm and maximum at 220 nm). Ellipticity was not detectably altered in native or recombinant mefp-1 by the addition of 6 M guanidine hydrochloride and/or heat (Williams et al., 1989; Hwang and Waite, unpublished observations) . The CD spectra of extremely stable polyproline II structures, such as collagen, resemble those of extended coils, but these melt with heat or denaturants (Greenfield, 2006) . NMR studies of synthetic mefp1-inspired decapeptides such as AlaLysProSerTyrHypHypThrDopaLys suggest a bent left-handed helix (Olivieri et al., 1997; Kanyalkar et al., 2002) ; however, few of these constructs are faithful to all of the modifications present (Taylor and Weir, 2000 ). An increasingly International and American Associations for Dental Research popular notion is that the structure of mefp-1 in solution is limited to short stiff segments (bent helices) separated by flexible ones (Haemers et al., 2005) .
Redox and Metal-binding Chemistry
Mefp-1 is distinguished from typical proteins by many features; nothing, however, distinguishes it more than the Dopa content, approaching 10-15 mol%. In aerated solution at pH 7, Dopa has a redox potential E o = +0.65 V, in which two half-reactions are coupled: 1/2O 2 + 2e + 2H + ↔ H 2 O and Dopa ↔ Dopaquinone + 2e + 2H + . The oxidizing power of O 2 effectively drives the production of Dopaquinone at mid to higher pH levels. The Dopa-oxidase activity of mushroom tyrosinase can be harnessed to accelerate oxidation by O 2 in vitro (Marumo and Waite, 1986; Burzio and Waite, 2000; Taylor, 2002) ; not surprisingly, byssal threads contain intrinsic Dopa oxidase activity (Waite, 1985) . In vitro, the kinetics of mefp-1 oxidation by other oxidants, such as periodate or I 2 , has been studied .
The oxidation of Dopa residues in mefp-1 to dopaquinones is a critical factor in protein cross-linking (Burzio and Waite, 2000) , but does not guarantee it. The formation of diDopa, which occurs in byssus (McDowell et al., 1999) , proceeds from a twoelectron oxidation of Dopa to dopaquinone (Fig. 4) . The latter, however, needs another Dopa to give up one electron by reverse dismutation to produce 2 Dopa semi-quinones, which ultimately couple to form the diDopa cross-link. Haemers et al. (2003) have investigated the stoichiometry of this process: When k ox exceeds k dis , the remaining reducing equivalents are insufficient to reduce enough quinones to semi-quinones for cross-link formation. Recently, another cross-link, 5-S-cysteinylDopa, has been characterized from mussel byssus Waite, 2005, 2006) . In contrast to diDopa, this arises by a Michael addition of the thiolate anion to dopaquinone, and hence is not dependent on semi-quinones. Thiol addition is the fastest known reaction involving quinones (Sternson et al., 1973) , but, given the low to trace levels of cysteine in most mussel byssi and mfp-1s, does not appear to be widely distributed.
A recent report suggests that the tendency for Dopa oxidation in mefp-1 is inversely correlated with osmotic pressure (van der Leeden, 2005). Since osmotic pressure affects protein conformation, this may be relevant to the redox stability of mefp-1 during confined storage in secretory granules and in the mottled granules of the cuticle. The remarkable affinity of catechols, including Dopa, for metal ions has been recognized for some time (Martell and Sillen, 1982) . The cumulative log stability constants (K S ) of metal-catecholate complexes are particularly high for Fe, Al, Si (K S > 40). A comparable affinity for Fe III by mefp-1 and its Dopa-containing peptides was demonstrated electrochemically to consist of the tris-catecholato-Fe III form at low iron-toprotein ratios (Taylor et al., 1994b) , switching to a µ-oxobridged di-iron biscatecholate at higher concentrations (Taylor et al., 1996) . Curiously, no apparent cooperative effects in ironbinding were observed, despite the over 75 Dopas per mefp-1 molecule (Taylor et al., 1994b) . Wilker's group Sever et al., 2004) has made a specialty of studying the effects of iron-binding on extracted mussel foot proteins; however, the relevance of their results to mefp-1 function in byssus is difficult to assess, given the heterogeneity of their preparations. One noteworthy result, however, is that analysis of Fe III -containing byssus by electron paramagnetic resonance indicates that high-spin Fe III may be contributing to the accumulation of an organic free radical (g =1.997 and 3249 G) that resembles Dopa semi-quinone (Sever et al., 2004) . This one-electron oxidation of Dopa by Fe III could be an alternative route to cross-link formation in vitro and in the byssus . However, if both Fe II redox-linked and catecholoxidase-dependent cross-linking occurs in byssus, the adaptive advantage for such redundancy is not yet apparent.
The formation of stable metal ion catecholate complexes is not limited to solution chemistry. Catechol complexation of minerals such as alumina (McBride and Wesselink, 1988) , anatase (TiO 2 ) (Rodriguez et al., 1996) , borax (Harris et al., 2007) , iron oxide (Xu et al., 2004) , and possibly hydroxyapatite (Chirdon et al., 2003) is well-known and has been exploited in affinity chromatography. Lee et al. (2006) were the first to quantify the energy of interaction between a single tethered catecholate (Dopa) and a metal oxide surface (TiO 2 ) using AFM. The interaction energy of the Dopa-Ti bond was calculated to be about half that of a covalent bond, yet was completely reversible for thousands of break/reformation cycles Figure 4 . Dopa side-chains of mfp-1 are susceptible to oxidation. A two-electron oxidation produces dopaquinone, which is able produce 2 semi-quinones by reverse dismutation with unreacted dopa. The Dopa semi-quinones can couple to produce di-dopa cross-links. Figure 5 . Dopa side-chains in mfp-1s coordinate both soluble and insoluble metal oxides. Lee et al. (2006) have shown that the coordinate chelate bond between Dopa and a TiO 2 surface has half the interaction energy of a covalent bond, but re-forms spontaneously following breakage.
( Fig. 5) . Although the byssal cuticle contains no detectable mineral, this finding nevertheless has considerable significance for mefp-1, in that, when metals mediate interactions between the proteins in the cuticle, these interactions are likely less energetic than covalent cross-links, but reversible.
Surface Behavior
The widely assumed involvement of mfp-1 in mussel adhesion has made it a popular candidate for protein-adsorption studies. The mode of mefp-1 adsorption is strongly influenced by Dopa oxidation, backbone flexibility, and protein concentration. At pH 4-5 and ionic strength = 0.1 M, due to diminished Dopa oxidation and high positive charge density, mefp-1 chains are prevented from interacting in solution. Under these conditions, the initial adsorption of mefp-1 to surfaces conforms well to monolayer formation according to the Langmuir equation, dG 1 / dt = J 1 B 1 (1-u), where dG 1 /dt is the amount adsorbing per unit time, J 1 is the flux, B 1 is the sticking probability, and (1-u) is the fraction of empty surface (Haemers et al., 2002) . On all tested surfaces exposed to mefp-1, B 1 is typically 1.0, and saturation is achieved in minutes (Fant et al., 2000; Suci and Geesey, 2001b; Haemers et al., 2002) . For example, saturated adsorption of mefp-1 to a non-polar surface (methylterminated alkyl thiolated gold) occurred within 5-10 min and resulted in a hydrogel-like film 20 nm thick that contained nearly 94 weight% trapped water (Höök et al., 2001) . Periodate oxidation of Dopa and subsequent cross-linking condensed the film to 5 nm without decreasing its protein content. In contrast, mefp-1 adsorption to silica surfaces resulted in films with comparable amounts of protein, but with much higher initial stiffness and only moderate changes in stiffness and viscosity following oxidation (Fant et al., 2000) . Resistance of mefp-1 films on highly oriented pyrolytic graphite to shear with an AFM cantilever tip has been explored before and after Dopa oxidation (Hansen et al., 1998) . A ten-fold-higher shearing force was required to displace the film after a 20-minute treatment with catecholoxidase. The suggestion that mefp-1 films are susceptible to dehydration effects that depend on both cross-linking and surface interactions needs to be further explored. Haemers et al. (2002) also examined mefp-1 adsorption to quartz at higher pH (6-8) under conditions where some Dopa oxidation was allowed to occur prior to mefp-1 adsorption. With light-scattering to monitor changes in hydrodynamic radius, it appeared that, at low mefp-1 concentrations (< 0.1 mg/mL), the radius decreased due to intramolecular crosslink formation and resulted in fewer surface contacts and the deposition of a stiffer film during mefp-1 adsorption. In contrast, at higher mefp-1 concentrations, the cross-links formed by Dopa oxidation were largely intermolecular, and the adsorbed aggregated protein was attached by numerous surface contacts and developed into rather compliant films (Haemers et al., 2002) . Although initial monolayer deposition still occurred at pH 6 to 8, the resulting adsorption isotherms deviated significantly from the Langmuir equation, in that the amount of mefp-1 adsorbed plotted against time exhibited multiple slopes and inflection points, both indicative of multilayer formation. Contributing factors for the slower adsorption rates to the initial monolayer were proposed to be lower flux J 2 , lower sticking probability B 2 , and a capacity for more mefp-1 adsorption that is contingent on a conformational change in the underlying monolayer (Haemers et al., 2002) . Only mefp-1 concentrations (> 0.1 mg/mL) with oxidized Dopa were observed to undergo deposition of additional layers, i.e., adlayers, to the initial adsorbed mefp-1 (Haemers et al., 2002) .
The effect of oxidation on the comparative adsorption of mefp-1 and mefp-2 to germanium has been investigated by attenuated total reflection Fourier transform infrared (ATR FTIR) spectroscopy. Individually, both proteins exhibited similar trends with respect to surface coverage and adsorption rate constants (Suci and Geesey, 2001a) . When introduced in succession with laminar flow, however, mefp-1 adsorbed to the exclusion of mefp-2 in a concentration-dependent manner. When mefp-1 was oxidized by periodate following adsorption, then mefp-2 adsorption levels approached those of mefp-1 itself, presumably by adlayer formation (Suci and Geesey, 2001b) . Probably, Dopa conversion to dopaquinone in adsorbed mefp-1 provided favorable sites for mefp-2 attachment. These results support the notion that mefp-1 adsorbs rapidly and irreversibly to a variety of surfaces. The effects of oxidation prior to adsorption are concentration-dependent and, at concentrations > 0.1 mg/mL, result in extensive protein aggregation and adlayers. When Dopa is oxidized after adsorption, film stiffness increases, as does adlayer deposition.
Until 2006, the role of Dopa in mefp-1 films following adsorption had been assumed to be largely a cohesive one. That is, Dopaquinone was thought to mediate formation of strong interactions, such as diDopa cross-links between mefp-1 molecules leading to film condensation (water loss) and film stiffness. Strong interactions are not limited to Dopa-mediated covalent cross-links, but include organometallic interactions as well. AFM force mode studies of mefp-1 suggest that the protein supports adhesion between the cantilever tip and surface, as measured by "jump-outs" (Frank and Belfort, 2002) . The magnitude and range of the jump-outs were greatly enhanced by multivalent cations, namely, Mg, Ca, and Fe. The results with Fe III are not surprising in view of strong Fe-chelation by Dopa; catecholate chelation of Mg and Ca, in contrast, is considerably lower (Martell and Sillen, 1982) , but we can think of no other available interactions between divalent cations and a strongly basic protein besides perhaps those involving dihydroxyproline, whose chelating ability in mefp-1 remains untested.
More significantly, force-mode AFM, with a single Dopa residue tethered by its side-chain to the cantilever, demonstrated that Dopa is capable of contributing to a diverse range of surface interactions, including (a) covalent bonds following oxidation on a polyamine surface, (b) coordinate complexes on TiO 2 (Fig. 5) , and (c) van der Waals forces on gold (Lee et al., 2006) . Notably, the interaction energy arising from the coordination of Dopaquinone with TiO 2 was reduced by more than 80% from that of Dopa (Lee et al., 2006) . Clearly, for strong adhesion and adsorption to metal oxide surfaces, it is desirable to have many Dopa residues and to prevent their oxidation to Dopaquinone. This is exactly the situation with respect to mcfp-3 and mcfp-5 in the adhesive plaque .
Surface Forces Apparatus-A New Perspective
Although the surface forces apparatus (SFA) has many of the same attractive features as the AFM, including picoNewton sensitivity and nanometer extension, it is ideally suited for studying the interfacial behavior of molecules when more than one surface is involved. the repulsive or attractive forces during the approach and/or separation of 2 pristine (or modified) mica surfaces between which a microdroplet of analyte has been introduced. In the normal direction, the adhesion force F ad = WA/d, where W is the adhesion energy, A is the contact area, and d is the bridging length at break. With mefp-1 as analyte, the protein adsorbed strongly to the mica surfaces, but it exhibited repulsion on approach and lacked jump-outs on separation (Lin et al., 2007) . In contrast, mefp-3, an adhesive protein from the byssal plaque, immediately formed bridges between both mica surfaces that required a separation of 30 Å and a peak force of 3-4 mNewtons/m to break. Interpretation of these results suggests that whereas mefp-3 spontaneously adsorbs and bridges between surfaces, mefp-1 adsorbs only as a coating (Fig. 6) . Only the application of considerable shear, which damaged or changed the conformation of mefp-1, induced it to switch from a coating to a bridging mode (Lin et al., 2007) . The effect of shear is reminiscent of the change in conformation in adsorbed mefp-1 before adlayer formation (Haemers et al., 2002) . The standard model of macromolecules adsorbing by loops, tails, and trains to surfaces predicts that loops and tails typically provide opportunities for bridging. Future studies need to explore whether mefp-1 fails to bridge on surfaces other than mica and, if so, whether this means that mefp-1 adsorbs without loops and tails.
Model of Assembly
The native cuticle in Mytilus species exhibits impressive prowess as a coating for a compliant substratum. Given the complex architecture of the cuticle, purified mfp-1 by itself is unlikely to provide the same performance. In combination with other molecules, however, such as metal ions, polyanions, and fatty acids, the outcome could be dramatically different. Metal ions in coordination with ligands such as Dopa tethered to larger macromolecules provide a fascinating alternative to covalent cross-linking. As already mentioned, the coordinate bond is about half as strong as the covalent, but is also reversible (Lee et al., 2006) . Moreover, in the right environment, non-innocent ligands like Dopa, complexed to redox-active metals (Fe III , Cu II , etc.), can give rise to cross-links by way of coupled freeradical intermediates. The formation of reversible micro-tears in the cuticle during extension may involve the breakage and re-formation of interactions between metal ions and Dopa in mfp1. This bears a striking similarity to the "sacrificial bonds and hidden lengths" model proposed for Ca 2+ -mediated interactions in other biomolecular materials (Thompson et al., 2002; Fantner et al., 2005) .
Of equal importance is a biochemical basis for the phase separation occurring in the mottled granules of Mytilus cuticles. In this regard, Vitellaro-Zuccarello's (1981) observationthat the granules and continuous matrix in fixed sections of the accessory gland exhibited differential lability to protease treatment-suggests the presence of different proteins or different forms of the same protein. This needs to be more systematically studied. The widespread occurrence of waxy outer layers in the exposed structures of living organisms and the fatty acid content of the byssus (Cook, 1970) are suggestive that Mytilus cuticle may be a composite of mfp-1 and fatty acids.
The extended structure and the high positive charge-density of mfp-1 make it an appropriate partner for spontaneous aqueous phase-separation with negative counterions, as observed in other biological systems . Fatty acids may provide anionic partners for mfp1, with mfp-1 and Ca +2 acting as the macro-and micro-counterions, respectively, combining with negative fatty acids in an electrostatically driven self-assembly process. This is strongly reminiscent of the lipid-organizing role of myelin basic protein in the myelin sheath (Hu et al., 2004; Marsh and Pali, 2004) . Interestingly, a similar strategy is used for driving self-assembly of synthetic polyelectrolytes and surfactant (Antonietti and Conrad, 1994; Antonietti et al., 1995; Ober and Wegner, 1997) , and the resulting material microstructures in these synthetic self-organizing systems appear surprisingly similar to those in the mussel cuticle.
CONClUDINg REMARKS
Despite the above-mentioned gaps in our understanding, the availability of mefp-1 and synthetic mefp-1-inspired decapeptides has spurred numerous initiatives in surface science. There is general agreement that: (1) mfp-1 adsorbs rapidly and strongly to a variety of surfaces; (2) the strength of adsorption is closely linked to the presence of dopa; (3) the oxidation of dopa before adsorption leads to weaker adsorption to mineral surfaces, but to stronger interactions with other organic macromolecules; and (4) the oxidation of dopa after adsorption provides an effective platform for adlayer formation. These features probably apply to all dopa-containing proteins and polymers (e.g., Suci and Geesey, 2001a) , whatever their function. A more subtle and distinguishing feature of mefp-1 has emerged from studies with the surface forces apparatus. The study by Lin et al. (2007) is a sobering reminder that adsorption is not necessarily a measure of adhesive ability. Mefp-1 adsorbs strongly to mica surfaces, but as a coating, not an adhesive.
Minimalist approaches in which only mfp-1-inspired decapeptides AKPSYPPTYK are used to tether large synthetic polymers to surfaces have also been informative. For example, Dalsin et al. (2002 Dalsin et al. ( , 2005 used the decapeptide (with Dopa-9) to bind polyethylene glycol (PEG) as a non-fouling film to gold and titanium oxide surfaces, and showed that such surfaces remained up to 98% free of fibroblasts over the extended test period. Although the simpler and more cost-effective Dopa showed a similar trend on TiO 2 , on gold, PEG-tethered Dopa conferred a performance no better than the PEG-Tyr analog and much poorer than the decapeptide. Despite the economic advantages of Dopa tethers, the differences between Dopa and decapeptide are worth exploring. Does the decapeptide present Dopa more favorably to the surface? Does it offer better Figure 6 . Comparison of the behavior of mefp-1 and mefp-3 following introduction between 2 mica surfaces, as measured by the surface forces apparatus (Lin et al., 2007) . Like a good adhesive, mefp-3 both coats and bridges the 2 mica surfaces; mefp-1, in contrast, only coats each surface.
protection against oxidation? Is Dopa in the decapeptide more or less shielded from solvation? Does the decapeptide adsorb as a train?
In common with most materials in wear, compliant materials need protection against abrasion. The mismatch in stiffness between compliant substrates and conventional coatings leads inevitably to catastrophic rupture when the coating is extended beyond its strain capacity; obviously, rupture voids any protective effects. The mfp-1-based cuticle, particularly in the byssus of Mytilus species, is 4-6 times harder and stiffer than the collagens it covers, yet it resists catastrophic rupture up to strains of 70% and beyond. Byssal cuticles with a granular micro-architecture exhibit the highest strain capacity, because they tolerate extensive but reversible micro-tearing within the matrix and at the matrix-granule interface. Films of pure mefp-1 do not possess a granular architecture and are unlikely to exhibit both high hardness and strain capacity. A most important goal of future work would be to identify the contributions of other components, such as the metal ions and fatty acids, to the mechanics and microstructure of mefp-1 films.
